Systemically administered 2¢-O-methoxyethyl (2¢MOE) antisense oligonucleotides (ASOs) accumulate in the kidney and metabolites are cleared in urine. The effects of eleven 2¢MOE ASOs on renal function were assessed in 2,435 patients from 32 phase 2 and phase 3 trials. The principle analysis was on data from 28 randomized placebo-controlled trials. Mean levels of renal parameters remained within normal ranges over time across dose groups. Patient-level meta-analyses demonstrated a significant difference between placebo-treated and 2¢MOE ASO-treated patients at doses >175 mg/week in the percentage and absolute change from baseline for serum creatinine and estimated glomerular filtration rate. However, these changes were not clinically significant or progressive. No dose-related effects were observed in the incidence of abnormal renal test results in the total population of patients, or subpopulation of diabetic patients or patients with renal dysfunction at baseline. The incidence of acute kidney injury [serum creatinine ‡0.3 mg/dL (26.5 mM) increases from baseline or ‡1.5 · baseline] in 2¢MOE ASO-treated patients (2.4%) was not statistically different from placebo (1.7%, P = 0.411). In conclusion, in this database, encompassing 32 clinical trials and 11 different 2¢MOE ASOs, we found no evidence of clinically significant renal dysfunction up to 52 weeks of randomized-controlled treatment.
Introduction

2¢
-O-methoxyethyl (2¢MOE) antisense oligonucleo tides (ASOs) are the most thoroughly evaluated chemical and mechanistic class of RNA-targeted therapeutics [1] [2] [3] [4] [5] . Two 2¢MOE ASOs, mipomersen, administered systemically and nusinersen, administered intrathecally, have been approved for commercial use, and two other 2¢MOE ASOs are completing phase 3 evaluation [6] . Because of the shared chemical properties between each member of a chemical class differing only in sequence, members of the same chemical class share similar biological properties (for review see Crooke [1] ). We have, therefore, constructed databases that integrate all the safety findings in nonhuman primates (NHPs) and human clinical trials for each chemical class we are developing. A previous publication examined the general side effect profiles of 2¢MOE ASOs in NHPs and human normal volunteer studies [7] . A second publication evaluated the effects of 2¢MOE ASOs on number of platelets in completed clinical trials and those with unblinded locked data from analysis of primary end points [8] .
For 2¢MOE ASOs, the kidney is an organ of particular interest, because after a systemic dose, the kidney accumulates the highest concentration of the 2¢MOE ASOs [3] . Accumulation of 2¢MOE ASOs and metabolites in the renal cortex is first order and saturates, so long-term treatment does not result in significant increases in concentrations [4] . Furthermore, in toxicological studies performed at high doses in NHPs, vacuolization of proximal convoluted tubule cells and very mild tubular cellular degeneration were observed [5] . Finally, urinary excretion of metabolites is a major mechanism of clearance [3] .
Insights into the ability of routine tests to identify changes in renal function can be obtained from ISIS 388626, a 12-mer 2¢MOE ASO that targets human sodium glucose cotransporter 2. ISIS 388626 was designed to accumulate a higher fraction of a dose in the kidney than a 20-mer 2¢MOE ASO. Indeed, in animals this was proven to be the case [9] . In NHPs, ISIS 388626 resulted in dose-dependent glycosuria as intended, but also an increase in serum creatinine levels [10] . Similar observations were made in normal human volunteers [10, 11] . Importantly, in the context of the current report, this Ionis Pharmaceuticals, Inc., Carlsbad, California.
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We have previously reported results of the effects of 2¢MOE ASOs on renal function in normal human volunteers enrolled in phase 1 trials [7] . In that analysis, we found no evidence of drug-associated effects on renal function. In this report, we focus on effects of 2¢MOE ASOs on renal function in completed phase 2 and phase 3 trials, and two patient subpopulations at greater risk for kidney injury, diabetes, and patients who had renal dysfunction at baseline. Since the time of the analyses on the effects of 2¢MOE ASOs on platelets [8] , additional trials have been completed and added to the database for inclusion in the current renal analysis. Moreover, in a recently completed phase 3 trial of the 2¢MOE ASO, inotersen, in patients with transthyretin (TTR) amyloidosis and associated renal dysfunction due to amyloid accumulation, we observed evidence that inotersen administered at a dose of 300 mg/week clinically worsened kidney function in a few patients [12] . Although results from this trial are not yet available for inclusion in the current analyses, a thorough analysis will be presented elsewhere. Nevertheless, these preliminary observations emphasize both the importance of examining the effects of the 2¢MOE class of agents and the potential limitations of the database in predicting results in a specific patient population with a specific ASO of a specific sequence.
Materials and Methods
Data collected from 2,435 patients enrolled in 32 phase 2 and phase 3 trials treated with 11 unique 2¢MOE ASOs were analyzed (Tables 1 and 2 ). All data are from completed trials, or from trials that have been unblinded and locked for interim analysis. Data collected from oncology trials were excluded from the analyses since the large majority of cancer patients were treated with a 2¢MOE ASO in combination with cytotoxic agents, and no trials were placebo controlled.
Clinical studies were performed in compliance with the guidelines of Good Clinical Practice and Declaration of Helsinki. All human subjects gave written informed consent.
Study populations analyzed included patients who participated in randomized placebo-controlled phase 2 and phase 3 trials and the respective subpopulation of patients diagnosed with diabetes, defined as those who had baseline HbA1c
‡6.5% or on-study usage of a concomitant medication indicated for diabetes. Patients with renal dysfunction at entry, defined as those who had abnormal values in both serum creatinine (>upper limit of normal [>ULN] ) and the estimated glomerular filtration rate (eGFR <90 mL/min per 1.73 m 2 ) at baseline, were excluded from these study populations and analyzed separately. Data from open-label trials, including longer term extension trials, were also assessed separately.
Measures of renal function
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b Phase 2 and phase 3 trials only. ASOs, antisense oligonucleotides; 2¢MOE, 2¢-O-methoxyethyl. [13] . The sixvariable modification of diet in renal disease (MDRD) equation was used for calculation of eGFR [14] . This equation is based on serum creatinine, BUN, serum albumin, age, sex, and race.
Statistical analysis
Data are presented by the incidence of events and descriptive summary statistics of test results. Evaluated subjects received at least one dose of study drug. Analyses on the incidence of events were based on confirmed test results. A confirmed event was defined as a consecutive (next) abnormal laboratory value after the initial observation. If there was no consecutive test to confirm, then the initial observation was presumed confirmed. Worst confirmed category is reported for each patient in categorical tabulations and shift tables. The percentage was calculated based on the available data. Baseline was defined as the last value before the first dose. The Fisher's exact test was used to determine significant differences in the incidence of renal events between placebo and ASO-treated patients.
A meta-analysis using subject-level data was performed to investigate the relationship between dose and change in the renal laboratory test results in the randomized placebocontrolled trials (RCTs). The meta-analysis was limited to values collected during the treatment period, defined as the period from first dose to last dose plus 10 days. The end points evaluated were the percentage change and absolute change from baseline using the last nonmissing value in the treatment period. Two comparisons were performed for each end point. The first comparison investigated the relationship between the separate 2¢MOE ASO doses (>0-75, >75-175, >175-275, >275-375, and >375-475 mg/week) and placebo. The second comparison investigated adjacent 2¢MOE ASO doses (eg, >0-75 mg/week vs. placebo, >75-175 mg/week vs. >0-75 mg/week). The difference in the average change (percentage or absolute) between a 2¢MOE ASO dose and placebo or the adjacent 2¢MOE ASO dose was estimated using an analysis of covariance model, with dose, trial, and baseline level as independent variables in the model. Tables 1 and 2 show the 2¢MOE ASOs and types of trials included in the current analysis, and Table 3 shows the disease indications with respective targets and range of 2¢MOE ASO doses and duration of treatment. We excluded data from trials in patients with cancer from this analysis because Age, years Mean (SD) 54 (11) 54 (11) 57 (9) 56 (9) 63 (6) 64 (9 these studies are not placebo controlled and most are in combination with cytotoxic drugs. Since the last publication of the results of this database [8] , we have added randomized placebo-controlled data from two phase 2 trials for ISIS 449884 (N = 94), one phase 2 trial for ISIS 463588 (N = 14), and from two phase 3 trials on volanesorsen (N = 178). To effectively assess dose-dependent effects on renal function, the principle analysis for this investigation was on data collected from 28 randomized placebo-controlled phase 2 and phase 3 trials on 10 unique 2¢MOE ASOs. Separate analyses were performed on data collected from two open-label phase 2 trials on two 2¢MOE ASOs, and two longer term open-label extension trials on one 2¢MOE ASO.
Results
Overall analysis plan
Demographics
The overall demographics of the entire randomized placebo-controlled population for this renal analysis shows a distribution consistent with participation in phase 2 and phase 3 clinical trials (Table 4 and Supplementary Table S1 ; Table 5 Supplementary Data are available online at www.liebertpub .com/nat). The mean age was *54 years old, with a nearly equal distribution of male and female patients and a preponderance of white patients, but with the representation of other races. The mean body mass index was within the expected range for the age of patients. In contrast, patients with diabetes were heavier and differed in other parameters (Table 4). As indicated in the methods, patients with abnormal renal function at entry were analyzed separately. Their demographic characteristics are also shown in Table 4 .
Baseline renal characteristics Table 5 shows that, by design, patients enrolled in the randomized placebo-controlled phase 2 or phase 3 population entered with normal renal function. This was also true for patients with diabetes. However, as expected, patients identified with abnormal renal function at entry showed a distinct baseline profile. For a tabulated summary of baseline renal characteristics by dose group, see Supplementary Table S2 . Table 6 shows the usage of various concomitantly administered agents considered potentially nephrotoxic [15, 16] across dose groups. The incidence of concurrent usage of two or more concomitant medications that have been reported to have a higher risk of renal injury when taken at the same time was *10% in the phase 2 or phase 3 RCT population with an increase in usage to *14% in the subpopulation of patients with diabetes.
Concomitant medications
Renal laboratory tests
Randomized placebo-controlled phase 2 or phase 3 population. In Figs. 1 and 2 , we show the variations in serum creatinine, eGFR, BUN, serum albumin, and serum electrolytes by dose group in the phase 2 or phase 3 patient population as a function of number of doses. An increase in the mean serum creatinine level and decrease in the mean eGFR were observed at doses >275 mg/week. In the patient-level meta-analysis, both the percentage change and absolute change from baseline in serum creatinine and eGFR levels at end of treatment were significantly different between placebo-treated patients and 2¢MOE ASO-treated patients administered doses >175 mg/week (Supplementary Table S7 and S8). However, the effects were minimal and the means remained in the normal range. The incidence of abnormal values in renal analytes is shown in Table 7 and demonstrates that there were no dose-dependent effects on serum analytes including electrolytes. Nor were there effects on urine character or composition that could be discerned. The incidence of acute kidney injury (AKI), defined as either serum creatinine ‡0.3 mg/dL (26.5 mM) increase from baseline or ‡1.5 · baseline in patients treated with 2¢MOE ASOs (2.4%), was not statistically different compared with placebo (1.7%, P = 0.411). As might be expected, the incidence of creatinine and eGFR events in the total phase 2 or phase 3 RCT population was numerically greater in patients reporting usage of potentially nephrotoxic agents than in patients not reporting usage of these agents (Supplementary Table S9 ). However, differences in incidence between 2¢MOE ASO-treated patients and placebo were not significant, either with or without usage of these concomitant medications.
Diabetes subpopulation. The diabetes subpopulation was treated with nine different 2¢MOE ASOs with data from a total of 23 trials. As expected, the incidence of abnormal renal events was numerically higher in patients with diabetes (Table 8) . Nevertheless, despite the presence of diabetes, no dose-related increases in the incidence of abnormal values or values that were greater than twofold different from baseline were apparent. Nor were there dose-related changes in urine composition. The incidence of AKI, defined as either serum creatinine ‡0.3 mg/dL (26.5 mM) increase from baseline or ‡1.5 · baseline in patients with diabetes treated with 2¢MOE ASOs (3.8%), was not statistically different compared with placebo (2.6%, P = 0.514). Similar to the total randomized placebo-controlled population, an increase in the mean serum creatinine level and decrease in the mean eGFR were observed at doses >275 mg/week (Supplementary Figs. S1 and S2). However, the experience at doses >375 mg/week is limited, and only 66 patients have been exposed to >275-375 mg/week.
Patients with renal dysfunction at entry. At present, in our clinical database of 2¢MOE ASOs, there are only 18 patients (6 placebo, 12 ASOs) who entered randomized placebo-controlled phase 2 or phase 3 clinical trials with abnormal renal function. The number of different ASOs studied in these patients was 4, with 8 of 12 (67%) patients exposed to only one of the 2¢MOE ASOs. Thus, even preliminary conclusions about the effects of 2¢MOE ASOs in this unique patient population are not possible. Nevertheless, in Tables 9-11 we show with shift analyses that there was no worsening renal function in these patients comparing their on-treatment change from baseline in the eGFR. One of 12 patients in the 2¢MOE ASO-treated group experienced an increase in serum creatinine, whereas 1 of 6 patients in placebo experienced an increase in BUN.
Open label and longer term open-label extension trials. Although limited by the study design and scope of data available, the incidence of renal abnormalities in the open-label trials (three trials, three ASOs) was similar to the incidence observed in the randomized placebo-controlled phase 2 or phase 3 trials (Supplementary Table S10 ). Similarly, analysis of data from the additional two open-label extension trials for one 2¢MOE ASO (with longer term treatment up to 264 weeks) did not appear to increase the incidence of abnormal renal test results compared with the randomized placebo-controlled phase 2 or phase 3 trials.
Discussion
In this third publication derived from our 2¢MOE safety database, we examine the effects of treatment with 2¢MOE ASOs on renal function. In 2,435 patients derived from phase 2 or phase 3 trials, we demonstrate minimal and clinically insignificant changes in measures of renal function. Importantly, there were no clinically meaningful dose-related changes in the overall population or in the subpopulation of patients with diabetes. Finally, there were no statistically significant increases in the incidence of renal events in 2¢MOE ASO-treated patients compared with placebo-treated patients, including the spot urine protein test.
The major clinically relevant analysis of renal function in short-to medium-term studies such as these is AKI. Using accepted measures [13] , we show that the incidence of mild, stage 1 AKI was not different between placebo and treated groups, with overall low rates. A caveat to this conclusion is that the total long-term exposure represented by our database is still modest. However, other large outcome trials with drugs that utilize renal clearance mechanisms (angiotensin- converting enzyme/angiotensin II receptor blocker [ACE/ ARB] or renin inhibitors) in high-risk populations, such as diabetic patients or heart-failure patients, have higher rates of AKI [17, 18] . The evaluation of mean serum creatinine and eGFR levels over time in the overall group revealed small changes that remained within the normal range. To complement this evaluation, a patient-level meta-analysis for dose effects revealed a significant difference in the 2¢MOE ASO-treated patients who received >175 mg/week compared with placebo, but these differences are not considered clinically meaningful. We did not observe any significant rates of hyperkalemia or other electrolyte disturbances associated with these small changes.
A preliminary analysis of patients with renal dysfunction was also performed, but must be interpreted with extreme caution because the number of patients is small, the duration of treatment is short, and only a few 2¢MOE ASOs have been studied. Thus, it is not possible to address the effects of 2¢MOE ASOs on renal function in patients with various types of renal disease in the current analysis. In this regard, the phase 3 trial in patients with TTR amyloidosis (data not included in the current analysis) is important and revealing as many of these patients have progressive renal dysfunction caused by amyloid deposits in the kidney [19] . A topline analysis of that trial has shown that in patients with significant renal dysfunction due to amyloid accumulation, inotersen (IONIS-TTR Rx ) appeared to exacerbate renal dysfunction in a few patients [12] . Four inotersen-treated patients discontinued treatment due to a renal observation: two patients met a predefined renal stopping rule and two experienced serious renal adverse events, one of whom experienced chronic renal insufficiency. One placebo-treated patient also met a predefined renal stopping rule. Enhanced monitoring was implemented during the study to support early detection and management of these renal issues. Although conclusions about the effects on inotersen in this phase 3 trial must await a complete analysis and publication 
Bold values represent the middle line where no change was observed between baseline and the highest confirmed measure in the treatment period. of the trial results, the topline analysis appears to demonstrate that 300 mg/week doses of inotersen can worsen renal function in some patients from a population with amyloid deposits throughout the kidney.
In contrast, data from the reported phase 2 or phase 3 volanesorsen trials in patients with elevated triglycerides and familial chylomicronemia syndrome, which do not have any direct disease-related renal effects, revealed no adverse effects on renal function or AKI. This suggests that other cofactors or comorbidities may be necessary for nephrotoxicity to be expressed or for clinical deterioration in renal function to become apparent, especially the presence of underlying renal compromise.
As the clinical experience of 2¢MOE ASOs expands to larger patient cohorts with more comorbidities, it will be important to understand the relationship between the effect of this class of agents on patients already at risk for renal disease and the effect on those without any inherent disease-related risk. Future studies must also focus on evaluation of other 2¢MOE ASOs in patient populations with other types of renal dysfunction, including primary renal disease, diabetes and older age.
The results of this and other analyses of the 2¢MOE ASO safety database coupled to the recently reported results from phase 3 trials on volanesorsen and inotersen demonstrate the value of the database and emphasize the limitations. Information in the database supports data-based decisions on dosing and other clinical trial characteristics, and thus enhances the design and safety of trials in specific patients. However, the results from the volanesorsen and inotersen trials show that each drug at a given dose and in a given patient population may result in safety events not predicted by the experience in the safety database, emphasizing the obvious need for diligence in trials in specific patient populations. The observations also emphasize the value of continuing to add new studies in new patient populations to the safety database.
Limitations of the analysis are that in this database, the drug exposure or duration is modest in terms of time, with the longest treatment in a randomized placebo-controlled setting being 52 weeks. Second, few patients had baseline renal function or comorbidities that could predispose to renal disease. Future studies will need to address the renal effects of 2¢MOEs in higher risk cohorts. Other limitations of the integrated database include heterogeneities in trial designs, for example, protocol-specified schedules for dosing and sample collection, and in the disease indications investigated for the 11 different 2¢MOE ASOs. In addition, although the eGFR equation applied in this analysis accounts for several independent variables, the mean eGFR values reported are likely lower than what would be observed if measured directly [20] . Finally, with regard to long-term exposure that derives from phase 3 and open-label extension studies, the maximum dose studied is 300 mg because substantial target reduction and efficacy have been observed consistently in humans at this dose for this class of ASOs.
More recent developments have allowed specific targeting of hepatocytes for liver targets using N-acetylgalactosamine (GalNAc) moiety covalently bound to the ASO to target it to the asialoglycoprotein hepatocyte receptors, which has allowed two important developments. First, the dose required for similar target knockdown, in this case plasma Lp(a) levels, is up to 30-fold less, as exemplified in recent clinical trials using a 2¢MOE ASO directed to apolipoprotein(a). Comparing the untargeted 2¢MOE ASO to the GalNAc-targeted 2¢MOE ASO, doses were 100-400 mg versus 10-40 mg and ED 50 was 4 versus 122 mg [21, 22] . Second, the nonhepatic exposure, including renal exposure, was *95% reduced by directing a higher proportion of the drug to the liver and the much lower dose [23, 24] . Therefore, future 2¢MOE ASOs that are targeted to the liver are expected to have much lower renal accumulation and presumably lower renal risk profile [25] .
In conclusion, in this large database encompassing 32 clinical trials and 11 different 2¢MOE ASOs, we found no major signal of renal dysfunction. This database provides a useful clinical summary to gauge 2¢MOE ASO effects on renal disease and will be expanded and amplified with the completion of new analyses and new trials with this relatively new class of therapeutic compounds. Observations from the phase 3 trial on inotersen, however, emphasize both the importance of examining the effects of the 2¢MOE class of agents and the potential limitations of the database in predicting results in a specific patient population with a specific ASO. Bold values represent the middle line where no change was observed between baseline and the highest confirmed measure in the treatment period.
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